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'1 . ‘% the rotor since the previous transmission; (ii) the mmber of revolutioms of
e g . the anemometer since the previous transmission; (iii) the instantaneous mag-
2 votic heading of the busy; (iv) the instantansous bearing of the wind rela-
; tive {o the bucy., These wireless signals turn on the magnatic tape recording
f equipment in ths lsnd-based cbservatory so that the data is available for
§ reduction in recorded form. The operation of the receiving station is en-
i tirely automatic except for occasional changing ‘of reels of recording tape.
-t The systom in use at present works satisfactorily over distances up to kS
. niles. Rough westher, sven of moderate gale force, does not harm the bwoys,
z Calibration of the rotors was carried out in a tidal channel on the is-
‘ land. Because the buoys are free drifting they do not measure the velocity
‘ of the surface drift relative to the ocean botton.‘ They measure the vecto-
rial differsnce of the surface velocity and the welccity at the depth of
= the drogua. The areas of the can ani rctor together (in the surface water)
and of the drogue (in the deep water) are mearly equal so that the actual
? spead of the vectorial difference i: twice the speed pasi ti:s surface rotor.
? The orientaticn of the buoy is determined by the direction of the vectorial
§ difference. In this connection every effort has been made to reduce the
f area exposed to the wind. There is a small deflection (averaging 10°) of
: the orienmtation of the buoy from the direciion of the vectorial diffcrerce
E of curface and deep velocities, due to Magnus effect of the retor. A cor-
: rection for this hes been made on the basis of eiperimenis made in a tidal
) i chamnel; and the serxze of rotation of the rotor was reversed in some of the
r later buoys in oxder to eliminate this possible source of error from the
% data.
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The telemetering i%self is done in the following menmer: <the various
sensing elements operate variable electric resistances, which produce varia-
ble audio frequencies which in {urn are transmitted as & modulation of the
radie frequenciss., It is beliewsed that adequate precautions were taken to
prevent possible errors in the telemetering system., Messrs, Robert G. Walden
ard Donald Parscn, Jr. collsborated with me in the design und construction
of the buoys. .

ITI. DISCUSSION OF DATA

The original data from the buoys, including all cases where the buoys
were not nsar to the shore of the island, is collected in Table I. Perhaps
the most striking feature of this data is the considerable irregularity of
the currents even during days wbile the wind is fairly steady. 1In his dis-
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wrrent msasurexmenbc which he mads on boerd the TArmauer

2
"

Hansen" in 1930, Ekman (1953) has called this irregular motion a kind of
"macro-turbulence”. As a result it is difficult to extract from the data
defirnite statements about such things as: (i) the deviation of the surface
current from the direction of the surface wind; and (1i) the ratio of cur-
rent spsed to the speed of the wind producing it. Ekman (1953) attempted
to anelyze his data for "Armauver Hansen" znchor station D in order to find
thé answer to these questions and to delineate the drift current spiral as
a function of dspth, Because of tis macro-turbulence the results of his
analysie were dicappsirtingly indefinite. The parpose of such an'analysis,
of courss, was vo verify in the deep ocean the resuits of his theory (1905).
The present buoy measurements are confined to the surfece. They cover

a longer period than thise made on the "Armauer Hansen®. It is therefore
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hopeful thut certain features of drift currents may emerge xore clearly from
the confugion of the maerc-turbulence.

In order to appreclate how serious an obstacle the macro-turbulence is
to a simple analysis of the data, an analysis can be made of all the wind
vane readings obtained from buoys 2, 3, L4 and 8 (Table II). The current di-
rection correction due to the Magnus effect on the rator bus been applied.

As can be seen, thers is a very large scatier of the arngle of deviation ¢
the cuirent from the wind; at one time or another every possible angle has
occurred. On the average, however, there is a greater frequency of smail
snyles of deviation showing that usually a current does not run against the
wind. Horeover, thers is a rather definite indication that currenmts to the
right of the wind ars sore fregquent than currents to the left of the wind.
The mode of this frequancy distribntion lies at about 20° to the right of
the wind, but it is obvious that this type cf snalysis of the dats, inciuding
as it does all cases where the winds were rapidly varying, and all cases with
pronounced irregular motions or possible inertial oscillations, gives &t best
a very diffuse and indefinite kind of answer to question (1). Similar ob-
jections can be raised to an attampt to make a gross average for determiming
the ratio of current tc wind velocity. A more ratlional approach i1s to study
individual cases where the wind was observed to be steady. Of couxrss the
currents are not exactly steady during the same time., The question arises

as to how long a time interval to employ for the study of individual cases.
RBlman (1905) indieated that after the onset of a wind the average of the
current for the first 24 hours (at 30°N) is a very close approximation to

the theorstical current produced by a wind of infinite duration. Thue, in
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_ \é attempting to £ind answers to questions such as (1) and (ii) (above), 2k-
: g i hour vectorial averages of wind and current are formed for days of steady
E wind. The concept of a steady wind is subjective.
E, The data obtained from Cetober 28-31 is a good sample of the relation |
g between wind and current as it actually appears in nature (Figwre 5). Dur- |
i ing October 28 the wind began to blow toward the north and 3y xidnight was
& blowing about 23 knots; the currents, which were at first weak and variable,
gradually wveered to the right of the wind and grew stronger. Early on
October 29 the wind itself veered wmtil it blew toward WNE. The current
} ; veered, too, and executed a rotatory motion about a mean velocity about L42°
! ' to the right of the wind. During the afternoon of October 30, the wind
\ dropped rapidiy, an:i the current began to execute a rotatery {(inertial) mc-
tion sbout a sero msan velocity. By October 31, the winds were light and
= variable and the motions of the current were very irregular and confused.
¢ All evidence ef a simple 2Li-hour :L;.zert-ia.l period was gons., During the win-
, ter of 1953-1951; the currents in the Northwestern Sargasso Sea are most
' i often in a confused state such as depicted on October 31. it is only dur-
; ing days of steady strong winds, and immediately following them, t.iat the
: theoretical features deduced by Ekman (190%5) are clearly defined.
‘ % Table III contains means of wind and current for all days during which
:: the wind was steady. It was preparea for the purpé_,_ae of exsmining the date
; from the 2h-hour mean "case histoxry® point of view. |
/
=
;E III. THE ANGLE BETWEEN THE WIND AND CURRENT
g = Two independent ways of measuring the angle bstween wind snd currernt
‘i are possible, The angle may be determined by comparing the mean wind
! 5 )
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direction at the observatory with direction of the current given by the mag-
netic compass on the buoy (Method 1j. The angle may also be determined di-
rectly from the wind vane on the buoy, which measures the instantaneous
angle between wind and buoy orientation (Method 2). Although this latter
method is direct, it is likely to be more erratic due to gustiness of the
wind - the samnling of wind diraction from wind vane measurements on the
‘buoy is naturally much poorer than the comtinuous records available at the
observatory.

By both methods it is seen that (in agreement with Ekman, 1905) the
current is to the right of the wind, by an angle varying between 30° and
60°. During weak winds there is a greater spread c¢f angles, and on the

average the angle appears to be less than for strong winds,

IV, THE RATIO OF CURRENT SYEED TO WIND SPEED
The ratios of current speed to wind speed cited ir Teble III are about

twice what wouid be expected from Elman's study. When plotted on a loge-
rithmic scale (Figure 6) these data give some indication that ihe ratio is
ot independent of wind sisaed. There i8 enough scatter in the data to pre-
vent certainty concerning this poinb. BEman (1 "‘05') discusssd the case of

a "quadratic® law of friction in the sea, and showed that in this case the
current speed would be proportional to the three-hulves power of the wind
speed (rather than linearly proportional). The very limited data at hand
swogests the reality of this law of friction, but of course does not prove
it. The solid line in Figure 6 depicts the linear law; the dashed line,

the three-halves law.
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Ve THE FRESERCE OF INERTIAL OSCILLATIONS
The design of thL.a2 rig used or these buoys is not ideal for detecting sr

studying inertial oscillations becauss, 28 Fredholm (Ekman, 1905) showed, the
inertial motions penetrate quickly to layers below the depth of frictional
influence, and hence the inertial, or quasi-periodic, tera in the vectorial

2ference of velocity is likely to diminish quickly if the desp drag is not
wmuch below the depth of frictional influence. Very clear amd distinct rota-
tory currents with 2h-hour period were observed on 1l separate days (Table
IV); they were quickly damped out {whether by vertical diffusion of momen-
tum, or horizontal dispersion of energy in the form of gravity waves is un-
cortain). The seuss of rotation in every case was cum =0le. Comparison of
rhase, to time of transit of the moon resulis in a complete scatter, thus
ruiing oui the likelihood that these Zij~-hour periods are lunar tidal cor-
sents. There is also no relation to time of day, thus ruling out sslar
tides.
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‘E NOTES ON TABLE I
%
£ . .
| Buoys 8, 9, and 1)} were all rigged as shown in Figure 2; buoys 6 and 7
- were rigged with the deep drag on a bridle directly bensath the can; buoys
. 2, 3, and } were Tigged the same as Figure 2, but the deep drag was replaced
g by another rotor similar to that at the surface. The depth of the deep drag,
l *
of the surface rotor, and the Magnus correction applied in determining cur-
rent direction from the irough data, were as follows:
|
Buoy No. Depth of Depth of Current
deep drag surface direction
(or rotor) rotor correction
(Leet) (foet)
-} 2 150 ] -10°
3 200 8 -10°
L 150 8 -100
6 170 8 WKDOWR
7 120 8 -25°
8 530 13 -
9 150 8 +10°
: 1 300 10 +10°
'! It is probable that thers 1s a aystcmatic error in all angles measured by
buoy 6.
The notatizn "IMM means t'2 Bevmuda Time (GMT - hours) of Greemwich
¢ upper transit of the moon. The anemomesters on the buoys were so unreliable
{due to circuit %troubles) that all of their data is omitted. Winds tabu-
i lated ars those on s 50 foot mast at the observatory at Bermuda. The ex-
e
; pesure was not ideal, there being ssveral hills, and a large building in
E; the neighborhood. Particularly, the anemometer is partly sheltered from
¢ west winde.
i The notation "Trans. Time® means the Bermuda time at which the buoy
S
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N : wireless transmission was received. The current direction is the instantsa-

neous magnetic direction of the surface current (vectorial differsnce of

i tins

surface and deep) with the above corrections applied. The current speed is
an aversge for the previous three hours (in the case of buoy 6, 90 minutes).

The figures under "Wind Vane* are angle between the geographlical orien-
tation of the buoy and the wvind direction measured by the vane on the buoy.

Thus an angla of 000° =cans that the instantaneous wind snd uncorrected cur-

rent vectors point in the same direction; an angle of 030° means the uncor-
i rected current is 30° to the lef% of the wind; an angle of 320° means the

uncorrected current is 40° tc the right of the wind.
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IEDENDS FOR FIGURES

Fig. 1.' Tracks of the wvarious bucys around Bermuda. Contours of the 100
and 1000 fathom lines are drawn in about the island. The tracks of dif-

4
g
»
»
p 4
14
i
F
i
1
| 4

ferent buoys are shown by different qualities of line., The Roman rnumer-
als indicate the month and the numbers immediately following them the day.

e aalautd

Tracks ending in shallow water show buoys that came ashore. Tracks point-

e

ing off the chart indicate buoys which drifted out of radioc-direction-
finding range but which were still able to telemeter data properly.

Fig. 2. Schenatic skstch of the buoy showing the radio mast and meteorologl-
i eal instrumenis above water, the current rotor and the deep drag each

s attached to ends of the outrigger arms,

Fig. 3. Detailed sketch of the construction of the rotor.

t Fig. b. Sample bathythermograph scundings showing the mixed water conditions

prevailing through most of the period of measurement.

Fig. 5. Sample daily records of wind and current showing the responss of

the current to a strong wind and the aftereffects following it.

o e et i o e T
»

Fig. 6. Logarithmic graph of mear wind against mean surface current for

days with steady wind. The solid line has slcpe of 1,.0; the dashed lins,

- —— p—

slope of 1.5.
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